Long-term exposure to tow doses of ionizing radiation may affect cells and tissues and result in various adverse hearth effects. The purpose of this study was to investigate whether chromosome aberrations and haematological alterations could be used as btomarkers of possible radiation injury in workers exposed to ionizing radiation. Groups totalling 323 medical professionals handling X-ray equipment and 160 control subjects were examined for incidence of chromosome aberrations and changes in leukocyte, lymphocyte and thrombocyte counts. The incidence of all types of chromosome aberrations was higher in the exposed groups than in controls, yet no significant difference was found between the exposed groups. A many-fold Increase in chromosome aberration frequency in all exposed groups was not followed by a corresponding haematological depression. This suggests that chromosome aberrations are a significantly more sensitive indicator of changes caused by low doses of ionizing radiation than haematological alterations.
INTRODUCTION
Monitoring of personnel occupationally exposed to ionizing radiation consists of regular film dosimetric control and periodic health examination. The follow-up of certain specific biological parameters provides additional information which complements physical dosimetry and enables better evaluation of radiation effects. Even very low radiation doses of several mSV may cause changes in tissues and organs. While tissues greatly differ in sensitivity to irradiation, it is also important to distinguish whether an organism received a single, higher dose of irradiation or several dose fractions. The tolerance to fractionated irradiation is higher because most tissues have a great capacity to recover unless permanently injured. Therefore, minor damages will never be observed.
The haematopoietic system is highly sensitive to radiation and the peripheral blood count may well serve as a biological indicator. Responses can be seen after 0.5-1.0 Gy of radiation. drop in the respective counts will occur. 3 For instance, the drop in the absolute lymphocyte count commences within a few hours after irradiation and continues for several days. However, blood has a remarkable regenerative capacity and will recover within a short period of time.
1 " 2 The rapid recovery of this tissue limits its application as a diagnositc tool to accidental cases of irradiation.
Genetic material in a living organism is particularly sensitive to irradiation. Chromosomal aberration analysis in human peripheral blood lymphocytes is an important technique for risk assessment in occupational exposure. Chromosome aberrations (CA) may be divided into two categories: stable aberrations (pericentric inversions and translocations) which can pass through repeated divisions and are potentially more serious, and unstable aberrations (dicentrics, acentric fragments and ring chromosomes) in which the chromosome material does not divide equally between daughter cells so that both cell lines eventually die. 4 
"
5 Conventional CA analysis is limited to unstable aberrations. Dicentric chromosomes were reported to increase at doses as low as 20 mGy. 6 Chromosome damage is long-lasting and are visible even years after irradiation. Follow-up studies of subjects with partial body irradiation demonstrated that asymmetrical 354 Occup. Mod. Vol. 49, 1999 aberrations were present in lymphocytes even three years after exposure.
8 Most data come from analyses of accidentally irradiated subjects.
10 Chromosome dosimetry is considered to be a useful biological technique in radiobiological protection not only in accidental cases, but also in estimating exposure of medical or industrial workers to ionizing radiation when the physical dose is uncertain. 5 '
11>12
The analysis of chromosome aberrations has been obligatory in medical examination of personnel handling radiation sources in Croatia for more than 15 years. The aim of this study was to follow the changes in peripheral blood counts and compare them to chromosome aberrations in medical staff handling diagnostic X-ray equipment in order to determine whether these parameters may be used as biological indicators of chronic exposure to low doses of ionizing radiation.
MATERIALS AND METHODS
The study comprised 483 subjects divided in four groups: the first consisted of 76 radiologists, the second of 46 pulmologists, the third of 201 technicians performing X-ray examinations and the fourth group consisted of 160 control subjects.
Details of occupational and medical history regarding work-related exposure to mutagenic agents, use of therapeutic drugs, recent vaccination, smoking and drinking, were obtained from a questionnaire form completed by each subject. Subjects who had undergone radiotherapy or chemotherapy, as well as those who had had any serious viral infection in the past year, were excluded from the study. All exposed subjects were under regular film dosimetry monitoring (Kodak Personal monitoring film). The average doses ranged between the minimum sensitivity of the monitoring film up to 5,000 (iGy per control interval, not exceeding 20,000 jiGy per year. The control group consisted of employed subjects of both genders who had not been exposed to either ionizing radiation or chemical mutagens at their workplaces. All subjects were examined for incidence of chromosome aberrations and changes in leukocyte, lymphocyte and thrombocyte counts. Blood samples were taken simultaneously for both chromosome analysis and blood count in order to obtain a meaningful comparison of results.
We used a standard technique to culture heparinized venous blood samples. Phytohaemagglutinin (Murex) stimulated cultures were incubated at 37°C for 48 hours in F-10 medium (Gibco) supplemented with calf serum (Biological Industries). Colchicine was added to the cultures 3 hours before processing. The harvested lymphocytes were treated with hypotonic KC1 and then fixed in methanol-glacial acetic acid. The cell suspension was repeatedly washed in the fixative. Giemsa stained slides were coded and scored blind. Two hundred first-division cells per subject were analyzed for chromosome structural aberrations such as breaks, dicentrics, rings, acentric fragments, and chromatid exchanges. Multicentric chromosomal data were expressed as dicentric 'equivalents', where for multicentrics, dicentric equivalents equalled the number of centromeres minus one. 9 * 13 Gaps were not included.
The differences between the examined groups in the frequency of each type of chromosome aberration were analyzed using the test for Poisson rates. Differences in the blood counts were analyzed using MANOVA. In addition, blood counts were analyzed after logarithmic translocation for leucocytes and thrombocytes and standard arc sine square root transformation for the per cent of lymphocytes. Bonferroni correction was used for multiple comparisons.
RESULTS
The results of blood cell counts and chromosome aberrations are summarized in Tables 1-4 and in Figures 1-3 . The groups did not differ in haematological findings. Boxplots in Figures 1-3 show the values of leucocytes and the percentages of lymphocytes and thrombocytes. The band inside the box represents the median. The stars outside the whiskers represent individual outliers. The exposed groups manifested slightly lower values in the leukocyte count than did the controls. The incidence of mild leukopenia in the exposed groups was noted sporadically. The lymphocyte count in one pulmologist was slightly below the limit, whereas no case of thrombocytopenia was found in any of the groups. Table 1 shows the mean values, median and the range of values for analyzed counts. Table 2 shows the mean frequencies of various types of chromosome aberrations along with standard errors, the individual range of values, and the significance of the pairwise differences between examined groups. As compared with controls, all exposed groups manifested an increase in all types of chromosome aberrations and chromatid breaks. The frequency of chromatid exchanges was comparable between the examined groups. The frequency of ring chromosomes was low in all exposed groups (0.02-0.08; range: 0-2), while ring chromosomes were not found in the control group. The statistical evaluation of results shows significant differences at p < 0.001 level between all exposed groups and the control for all types of aberration except chromatid exchanges. On the other hand, no significant differences were found between the exposed groups (except between radiologists and technicians for chromatid break at p < 0.05 level). Table 3 shows the values of annual and total life doses for subjects in which dicentric or ring chromosomes were found. Table 4 shows the frequency of dicentric and ring chromosomes by smoking and duration of exposure. No increase in scored aberrations was found in connection with smoking. Exposure duration did not seem to influence the CA frequency in radiologists and technicians, while an increase in CA was evident in pulmologists who had been working for over 11 years. 15 Radiation accident survivors who were severely overexposed to gamma radiation in the industrial accident of 1989 in San Salvador suffered a drastic drop in their lymphocyte counts in the first few weeks after exposure. 9 Significant lymphocyte count recovery was registered 13 weeks after exposure. Regardless of the striking differences between the examined survivors, they manifested a many-fold increase in the lymphocyte count, accompanied by a 50% reduction of lymphocytes containing asymmetric chromosome aberrations.
While, theoretically, occupational exposure to ionizing radiation has remained close to the natural background for the majority of the employed, the exposed population has shown an increase in chromosome aberration frequency. 11 ' 16 " 18 To evaluate the effects of chronic exposure to low doses of radiation, medical professionals with different job titles were examined in this study for leukocyte, lymphocyte and thrombocyte count, and structural C: group differs significantly from control at p < 0.001; R/n group differs significantly from radiologists at p < 0.001/ p < 0.05; P: group differs significantly from pulmologists at p < 0.001; T/t: group differs significantly from technicians at p < 0.001 IP < 0.05 chromosome aberrations as a part of their regular medical check-up. According to the Croatian Public Health Act, all people working in a controlled area have to be examined for CA every five years (starting with a preemployment check-up), and for blood count every year. Subjects with aberrant findings abandon the controlled area for 6-12 months, and are re-examined before they continue to work in the controlled area. Our results showed an increase in all types of chromosome aberrations in the exposed groups as compared with the controls, while no differences were found between the exposed groups. Radiologists, pulmologists and technicians significantly differed (p < 0.001) from the controls in the frequency of single breaks, double breaks, acentric fragments, dicentrics and rings. No significant differences were found between the exposed groups except for the single breaks between radiologists and technicians (p < 0.05). The doses registered by film dosimeters over the past 12 months were below the annual maximum permissible limit. Total life doses were obtained only for examinees with aberrant findings. The absence of increase in CA frequency dependent on the dose in exposed examinees might be explained by various factors: failure to wear dosimeters at the time of irradiation, earlier acute overexposure due to excessive handling of machines, exposure to radiation during personal medical examination, possible inter-individual differences in sensitivity to radiation and slow disappearance of aberrationbearing cells from the circulation. 4 ' 5 ' 16 ' 18 Controversial findings on the influence of exposure duration on the incidence of CA have been obtained by different authors. Chung et al. i9 reported a significant association of CA with duration of work, although recent exposure to radiation was more effective in inducing CA than cumulative exposure. Positive results were reported by Evans et al. 20 and Bonassi et al., 16 whereas Jha and Sharma 18 did not find a correlation between the CA frequency and the duration of employment in controlled area. Our study found a significant correlation between the CA frequency and the exposure duration only in pulmologists who had been working for over 11 years. Possible explanation for such findings might be earlier handling X-ray equipment with screens. Since 1991 no screens have been in use in Croatia.
The many-fold increase in chromosome aberrations in all exposed groups was not followed by a corresponding haematological depression. That haematological findings remained within the range of control values could be explained by the fact that the radiation doses had been too low to induce any measurable drop in blood count. The complexity of radiation-induced processes and different mechanisms involved in changes in the blood count and in chromosome damage justify the use of those parameters in risk assessment. Judging from different induction thresholds of the two indicators (lymphocyte count drop at about 0.5 Gy and the appearance of dicentrics as radiation-specific aberrations at 20 mGy), chromosome aberrations are notably more sensitive to irradiation than is the blood count. There are also differences in the rise time and time of recovery; the blood count drops soon after irradiation and recovers within several weeks, while chromosome aberrations may be seen even years after irradiation. 7 Finally, one should not overlook individual differences in sensitivity to radiation and in repair and recovery ability. 5 The results point out the value of chromosomal aberration analysis as a means of detection of radiation induced damage. It is also important to stress the necessity of pre-employment analysis for every person who is to start work in an ionizing radiation zone.
